Abstract-In this paper, a compact microstrip wideband bandpass filter (BPF) based on square ring loaded resonator (SRLR) is proposed. The SRLR is formed by loading a pair of bent open-stubs outside the diagonal corners of a square ring, which generates three split degenerated modes. The first two split modes form a dominant wideband passband. By introducing another pair of loaded open-stubs, the third split mode is moved into the passband to achieve an extra bandwidth for the wideband passband. Measured results show that this proposed BPF has a 3 dB fractional bandwidth of 69%, and the insertion loss of the BPF is less than 1.0 dB.
INTRODUCTION
Wideband bandpass filters (BPFs) with high performance and low cost are extremely desirable in RF/microwave systems. In recent years, different resonators such as multi-mode resonator (MMR) [1, 2] , parallel-coupled three lines [3] , ring resonator [4, 5] , substrate integrated waveguide (SIW) [6] and stub loaded resonator [7] have been proposed to design wideband bandpass filters. In all these structures, ring resonator filters can provide a small circuit size and thus being attractive for designer. A square ring loaded resonator (SRLR) with loaded open stubs was described for wideband BPF operation in [8] , which achieves a smaller circuit size than conventional ring resonator wideband BPFs [9] [10] [11] [12] [13] [14] .
In this paper, a wideband BPF based on a SRLR and loaded stubs is proposed. The concept of combining a SRLR and two loaded open stubs was employed in [8] to form a wideband BPF. In that design, a pair of perturbation stubs as long as more than half-wavelength of the square ring was installed to the ring, making up the so-called SRLR. The perturbation stubs split the degenerated modes of the ring, and the first three split resonant modes of the SRLR were utilized to design wideband BPF. The first two split modes form a dominant wideband passband, the third split mode was moved into the passband by loading two open stubs inside the ring, which achieves a sharp cut-off frequency at the right of the passband. Since the three split resonant modes are located at a lower position than the fundamental resonance of the ring, while conventional ring resonator BPFs center at the fundamental resonance of the ring, so the filter occupies the smallest circuit size in wideband ring resonator BPFs.
In this letter, a deformed structure is used to design wideband ring resonator BPF. Distinct from the layout in Ref. [8] , two loaded open stubs are loaded outside the ring in this work, whereas two loaded open stubs are added inside the ring in Ref. [8] . The third split resonant mode can be moved into the dominant passband by stretching the loaded open stubs, leading to an extra bandwidth of the passband. Therefore, the proposed filter has a wider fractional bandwidth than that in Ref. [8] .
FILTER DESIGN
The proposed filter configuration is shown in Figure 1 . The proposed resonator consists of a SRLR, two square patches, and two loaded open stubs. The SRLR is formed by a square ring and a pair of bent open stubs. Two bent open stubs are used as perturbations to split the degenerated modes in the ring. The first even-and odd- order split modes form a wideband passband under a proper external coupling, and two square patches are added in the corners of the ring to equalize the in-band ripple [8] . Two open stubs are parallel loaded with the perturbation stubs in order to control the second odd-order split mode. Even and odd analyze method is used to obtain the resonant frequencies. The resonant conditions of the SRLR can be obtained as follows [8] , (2) where R Z = Z 1 /Z 2 , Z 1 and Z 2 denote the characteristic impedances of the perturbation stubs and the ring, and θ 1 , θ 2 and θ 3 , θ 4 indicate their electrical lengths, respectively.
With arbitrary R Z , θ 1 , θ 2 , θ 3 and θ 4 , resonant frequencies of all the even-and odd-order modes can be solved according to (1) and (2) .
In order to have an intuitionistic understanding of the working principle of the SRLR, we fix a square ring, whose circumference is 18 mm, and then the perturbation stubs are added. Give the circumference (18 mm) of the ring, the substrate dielectric ε r = 2.65, and the thickness h = 1 mm, the fundamental resonance of the ring can be obtained, and the resonance is about 11.8 GHz. Figure 3 (a) plots the first three normalized resonant frequencies
, where f 0 is the fundamental resonance of the ring. From the figure, it can be found that when the perturbation stubs are stretched, f o1 , f e1 , and f o2 decrease fast from f 0 , 2f 0 , and 3f 0 respectively. When the normalized stub length k > 1, three modes are all reduced lower than f 0 . Figure 3 (b) depicts the simulated frequency responses of the SRLR under the conditions of no perturbation stub, weak and tight couplings with perturbation stub, where L i (i = 1, 2, 3, 4) is the physical length of electronic length θ i (i = 1, 2, 3, 4). It can be seen that, the single ring resonator has a fundamental resonance around 11.8 GHz, which coincides with our calculated value. When the perturbation stubs are added and stretched, degenerate modes in the ring are split and the three modes (f o1 , f e1 , and f o2 ) are shift lower simultaneously. Under a proper coupling, the first two modes (f o1 and f e1 ) will form a dominant passband, while the third mode (f o2 ) is located far away from the passband. Our next step is to move the third mode (f o2 ) into the passband formed by f o1 and f e1 .
When two open stubs are loaded to the SRLR, the simplified equivalent circuit is shown in Figure 2 For the even-order mode, the resonant condition can be derived when the input admittance Y ine is zero, and it is described as follows,
Similarly, the odd-order resonant condition can be obtained when the input admittance Y ino is zero, and it is expressed as below,
where R S = Z S /Z 2 and θ S is the electrical length of the loaded open stub. When θ S = 0, resonant conditions of (3) and (4) will degenerate to (1) and (2), respectively. The loaded open-stubs will introduce a transmission zero so that the stubs can be seen as a one-quarter wavelength resonator. The resonant condition of the transmission zero can be expressed as, cot θ S = 0 (5) Figure 4 (a) plots the normalized resonant frequencies of the first two odd modes, the first even mode, and the transmission zero, i.e., f o1 /f 0 , f o2 /f 0 , f e1 /f o and f Z /f 0 versus the length ratio of t = θ S /(θ 3 + θ 4 ) under the fixed condition of k = 1.8, R Z = 1, and R S = 1. Where f 0 is the fundamental resonance of the ring resonator, and k = (θ 1 + θ 2 )/(θ 3 + θ 4 ). It can be seen that, as t increases from 0.5 to 1.5, the second odd-order mode f o2 decreases fast while the first odd-order mode f o1 and the first even-order mode f e1 keep almost constant. The transmission zero frequency f Z decreases fast simultaneously with the second odd-order mode f o2 , but it is always located at a higher frequency than f o2 . Figure 4 transmission zero frequency (f Z ) against different length (L S , physical length of θ S ) of the loaded open-stub. It can be found that when the loaded stubs are stretched, the dominant passband has little change, the second odd-order resonance (f o2 ) is moved into the passband, and a transmission zero is brought in at the right of the passband. Finally, the initial dominant passband is extended by the second odd-order mode (f o2 ). The design procedures of the proposed wideband filter can be summarized as follows [8] . First, determine the dimensions of the SRLR and the loaded open stubs to meet the respective band frequencies and the required bandwidths. Second, determine the feed circuit dimensions to satisfy the external quality factor. Then add two square patches to smooth the passband ripple. Finally, the optimized wideband performance can be obtained.
It should be noted that in this design, the length ratio of the perturbation stub to the circumference of square ring, i.e., k = (θ 1 + θ 2 )/(θ 3 + θ 4 ), should be select in the experiential range of [1.4, 2] , distinct from [1.2, 1.4] in Ref. [8] . The reason is that a wider fractional bandwidth needs a longer parallel-coupled microstrip line (PCML) to provide proper external coupling in case of the same line widths.
Additionally, cross coupling between the strips of the proposed resonator may be considered confusing. In fact, the coupling only changes the impedances of the perturbation stub and the ring. In order to facilitate the analysis, the cross coupling was ignored. Actually, the impedance variation caused by the cross coupling have a slight effect on the performance of the filter, and the changes can be calibrated by adjusting the line widths of the perturbation stub or the ring so as to obtain an accurate impedance. For demonstration, a SRLR with fixed perturbation stub and perimeter of the ring is analyzed.
By keeping the following dimensions unchanged, L 1 + L 2 = 11.5+5.1 = 16.6 mm, L 3 = 4.5 mm, L 4 = 4.5 mm, W 1 = 0.4 mm, W 2 = 0.4 mm, frequency responses of the SRLR with different gap width S 2 under weak coupling (S 1 = 0.6 mm) are compared. Figure 5(a) shows the simulated results of the SRLR with the dimensions mentioned above, it can be found that under a tight crossing coupling (S 2 = 0.2 mm) the first two modes (f o1 and f e1 ) locate at 3.21 and 4.59 GHz, respectively. When the gap width S 2 increases to 3 mm, the cross coupling is very slight and can be ignored. The first two modes (f o1 and f e1 ) shift to 2.77 and 4.7 GHz, respectively. Compared with the tight cross coupling, the two modes under the weak cross coupling depart from each other, and the separation increases about 0.55 GHz. No matter under weak or tight cross coupling, the frequency responses seem to be the same. Meanwhile, the frequency separation Figure 1 with a wide gap S 2 , dimensions are:
f e1 − f o1 is controlled by the line widths of W 1 and W 2 [8, 15] , so the frequency separation can be calibrated by changing the line widths of the perturbation and the ring if the gap S 2 is changed. Therefore, we can conclude that the cross coupling has little effect on the filter performance and can be omitted during our design procedure. Figure 5 (b) describes the simulated frequency responses of the resonator in Figure 1 with S 2 = 3 mm, and we can find that under a weak cross coupling the resonator still can be used for wideband operation, thus the cross coupling can be ignored during our design procedure.
MEASUREMENT RESULT
A substrate with a relative dielectric of ε r = 2.65 and thickness of h = 1 mm is chosen for implementation of the proposed filter. A commercial full-wave simulator, IE3D, is utilized for further analysis and optimization. is 3.98 GHz, and that its 3 dB fractional bandwidth is 69.2%. The measured minimum insertion loss is about 0.9 dB and the return loss is around 15 dB. Table 1 compares the circuit size of the filter in this paper with the previous work [8] and those conventional ring resonator wideband BPFs in [9] [10] [11] [12] [13] . λ g is the wave-guided length at center frequency. It can be found that, the proposed filter has a relatively larger circuit size than the previous work [8] does. The reason is that the perturbation stubs in this work is longer than those in the previous work. However, the circuit size of the proposed filter is still smaller than those of the conventional ring resonator BPFs [9] [10] [11] [12] [13] [14] .
CONCLUSION
A wideband microstrip bandpass filter based on square ring loaded resonator has been proposed in this paper. Without introducing any additional resonators or filtering components, an extra fractional bandwidth is achieved by the deformed new structure, compared with the previous work [8] . The measured and simulated results agree well with each other, which validates the application feasibility of the proposed filter.
